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Apparatus and Mefliod for Tandem ICP/FAEMS/MS 

FIELD OF THE INVENTION 

5 The present invention relates to an apparatus and method for separating ions, 

more particularly the present invention relates to an apparatus and method for 
separating ions based on the ion focusing principles of high field asymmetric 
waveform ion mobility spectrometry (FAIMS). 

10 BACKGROUND OF THE INVENTION 

High sensitivity and amenability to miniaturization for field-portable 
applications have helped to make ion mobility spectrometry (IMS) an important 
technique for the detection of many compounds, including narcotics, explosives, and 

15 chemical warfare agents as described, for example, by G. Eiceman and Z. Karpas in 
their book entitled 'Ion Mobility Spectrometry" (CRC, Boca Raton, 1994). In MS, 
gas-phase ion mobilities are determined using a drift tube with a constant electric 
field. Ions are gated into the drift tube and are subsequently separated in dependence 
upon differences in their drift velocity. The ion drift velocity is proportional to the 

20 electric field strength at low electric field strength, for example 200 V/cm,andthe 
mobility, K, which is determined from experimentation, is independent of the applied 
electric field. Additionally, in IMS the ions travel through a bath gas that is at 
sufficiently high pressure such that the ions rapidly reach constant velocity when 
driven by the force of an electric field mat is* constant bom in time and location. This 

25 is to be clearly distinguished from those techniques, most of which are related to mass 
spectrometry, in which the gas pressure is sufficiently low that, if under me influence 
of a constant electric field, the ions continue to accelerate. 

E.A. Mason and E.W. McDaniel in their book entitled "Transport Properties 
30 of Ions in Gases" (Wiley, New York, 1988) teach that at high electric field strength, 
for instance fields stronger than approximately 5,000 V/cm, the ion drift velocity is no 
longer directly proportional to the applied field, and K becomes dependent upon the 
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^ spoons m • - - by * ^ 

of the ion at low field strength, K. In other woras, 

u offers a new tool for atmospheric Fessure gas-phase ion soioi 

strength. FAMS offers a new too soluteionmobi lity, that is being 

since it is the change in ion mobility, and not me au 

monitored. 

ir«rinv EG Nazarov and U .Kh. Kastuev m a F ^ 

expressed by. K h -KU+tw; mohilitv at low electric field strength and . 

» fieldstrengm.Kisthecoefficientofionmobilityatlowe _ 

f(E ) describes the functional dependence of the ionmobnity onthe electric 
Ittnsareclassifiedmtooneofthreebro^ 

strength Ions strength of an appUed electric field, 

change m ion mobility as a tuncu t—riM electric field 

taifiafly befote dec^ at ye. to^er «* I *-« 
Consider an ion. ** ^^^"^^^^Jm of a FAIMS device. The space 
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the electric field between the parallel plate electrodes. The term "net motion" refers 
to the overall translation that the ion, for instance said type A ion, experiences, even 
when this translations! motion has a more rapid oscillation superimposed upon it. 
Often, a first plate is maintained at ground potential while the second plate has an 

5 asymmetric waveform, V(t), applied to it The asymmetric waveform V(t) is 
. composedofarepeatmgpattem^ 
short period of time t 2 and a lower voltage component, V 2 , of opposite polarity, 
lasting a longer period of timet,. The waveform is synthesized such that the 
integrated voltage-time product, and thus the field-time product, applied to the plate 

10 during each complete cycle of the waveform is zero, for instance V, t 2 + V 2 = 0; for 
example +2000 V for 10 jos followed by -1000 V for 20 |u. The peak voltage during 
the shorter, high voltage portion of the waveform is called the "dispersion voltage" or 
D V in this disclosure. 

15 Durmgmemghvoltageportiono^^ 

ion to move wnh a transverse y-axis velocity component v, = RRt* where E Wgh is 
the applied field, and Kn is the high field ion mobility under ambient electric field, 
pressure and temperature conditions. The distance traveled is d t = v,t 2 = KAitffe, 
where t 2 is the time period of the applied high voltage. During the longer duration, 

20 opposite polarily, low voltage po^^ 

• velocitycomponentoftheionisv 2 = KE IOW ,whe I eKi S thelowfieldionmobmty 
under ambient pressure and temperature conditions. The distance traveled is d 2 = v 2 t, 
= BW.. Since the asymmetric waveform ensures that (V, t*) + (V a t,) = 0, the field- 
tune products -Bhtffe ™ equal in magnitude. Thus, if K h andK are 
25 identical, * and d. are equal, and the ion is returned to its original position along the 
y-axis during the negative cycle of the waveform, as would be expected if both 
portions of the waveform were low voltage. If atE hiBh themobility K ll >K,theion 
experiences a net displacement from its original position relative to the y-axis.. For 
example, positive ions of type A travel farther during the positive portion of the 
30 waveform, for instance d, > dz, and the type A ion migrates away from the second 
plate. Similarly, posWveioM of ty^ 



3 



WO 01/69220 



PCT/CAOl/00313 



If a positive ion of type A is migrating away from the second plate, a constant 
negative dc voltage can be applied to the second plate to reverse, or to "compensate" 
for this transverse drift. This dc voltage, called the "compensation voltage" or CV in 
• this disclosure, prevents me ion from migrating toward 
5 plate. If ions derived from two compounds respond differently to the applied high 
strength electric fields, the ratio of K h to K is similarly different for each compound. 
Consequently, the magnitude of the CV necessary to prevent the drift of the ion 
toward either plate is also different for each compound. Thus, when a nuxture 
including several species of ions is being analyzed by FAIMS, only one species of ion 
10 is selectively Theremaining 
species of ions, for instance those ions that are 6ther than selectively transmitted 
through FAMS, drift towards one of the parallel plate electrodes of FAIMS and are 
neutralized. Of course, the speed at which the remaining species of ions move 
towards the electrodes of FAIMS depends upon the degree to which their high field 
15 mobility properties differ from those of the ions that are selectively transmitted under 
the prevailing conditions of CV and DV. 

An instrument operating according to the FAIMS principle as described 
previously is an ion filter, capable of selective transmission of only those ions with 
^ appropriate ratio of to K. In one type of experiment using FAIMS devices, the- 
apptied CV is scanned with time, for instance the CV is slowly ramped or optionally 
the CV is stepped from one voltage to a next voltage, and a resulting intensity of 
totted ions is measured. In this way a CV spectrum showing the total^ion current 

w hich used electrometer detectors, that the identity of peaks appearing m the CV 
spectrum are other than unambiguously confirmed solely on the basis of the CV of 
transmissionofaspeciesofb^ 

compound.pecmcdependenceofK.onmeeleotncfieldstreng^ 
• peak in the CV spectrum is easily assigned to a compound erroneously, since there , is 

ion, wheremationshcnndappearmaCVspectnm, In other words, additional 
irfonnationisnecessaryfc^ 
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of the peaks in the CV spectrum. For example, subsequent mass spectrometry 
analysis of the selectively transmitted ions greatly improves the accuracy of peak 

» 

assignments of the CV spectrum. 

5 In U.S. Patent No. 5,420,424 which issued on May 30 1995, B.L. Carnahan 

and A.S. Tarassove disclose an improved FAIMS electrode geometry in which the flat 
plates that are used to separate the ions are replaced with concentric cylinders, the 
contents of which are herein incorporated by reference. The concentric cylinder 
design has several advantages, including higher sensitivity compared to the flat plate 

10 configuration, as was discussed by ILW. Purves, R. Guevremont, S. Day, C.W. 
Pipich, and M.S. Matyjaszczyk in a paper published in Reviews of Scientific 
Instruments; volume 69 (1998), pp 4094-4105. The higher sensitivity of the 
cylindrical FAIMS is due to a two-dimensional atmospheric pressure ion focusing 
effect that occurs in the analyzer region between the concentric cylindrical electrodes. 

15 When no electrical voltages are applied to the cylinders, the radial distribution of ions 
should be approximately uniform across the FAIMS analyzer. During application of 
DV and CV, however, the radial distribution of ions is not uniform across the annular 
space of the FAIMS analyzer region. Advantageously, with the application of an 
appropriate DV and CV for an ion of interest, those ions become focused into a band 

20 between the electrodes and the rate of loss of ions, as a result of collisions with the 
FAMS electrodes, is reduced. The efficiency of transmission of the ions of interest 
through the analyzer region of FAIMS is thereby improved as a result of this two- 
dimensional ion focusing effect 

25 The focussing of ions by the use of asymmetric waveforms has been discussed 

above. For completeness, the behavior of those ions that, are not f ocussed within the 
analyzer region of a cylindrical geometry FAIMS is described here, briefly. As 
discussed previously, those ions having high field ion mobility properties that are 
other than suitable for focussing under a given set of DV, CV and geometric 

30 conditions will drift toward one or another wall of the FAIMS device. The rapidity 
with which these ions move towards the wall depends on the degree to which their 
Kh/K ratio differs from that of the ion that is transmitted selectively under the 
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prevailing conditions. At the very extreme, ions of completely the wrong property, 
for instance a type A ion versus a type C ion, are lost to the walls of the FAIMS 



device very rapidly. 
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The loss of ions in F AIMS devices shouldbe considered one more way. H an 
ion of typeAis focussed, for example atDV2500 volts, CV -11 volts in a given 
geometry, it would seem reasonable to expect that the ion is also focussed if the 
polarity of DV and CV are reversed, for instance DV of -2500 volts and CV of +11 
volts This, however, is not observed and in fact the reversal of polarity in this 
manner creates a mirror image effect of the ion-focussing behavior of FAIMS. The 
result of such polarity reversal is that the ions are not focussed, but rather are 
extremely rapidly rejectedfrom the device,. The mirror image of a focussing valley, 
is a hill-shaped potential surface. The ions slide to me center of the bottom of a 
f o«^ potential valley <2 Or fusions), butsh^off of me top of a hill-shaped 
surface, andhitthe wall of an electrode. This is the reason for me existence, in the 
cylindrical geometry FAIMS, of the independent "modes" called 1 and .2. Such a 
FAIMS instrument is operated in one of four possible modes: PI, P2, Nl, and N2. 
The "P" and «N" describe the ion polarity, positive <P) and negative (N). The 
waveform with positive DV, where DV describes the peak voltage of the high voltage 
pordonofmeasymmemcwaveform.yiddsspeetrao^ 

reversed P olarit y negativeDV,waveformyieldsP2andNl. The discussion thus far 
has considered positive ions but, in general, the same principles apply to negate rons 
equally. 

A further improvement to the cylindrical FAIMS design is realized by 
p^idmgacurvedsurfa^ 
termmusiscontir^ 

co-axially with an ion-oudet orifice of the F AIMS analyzer region. The appncahon of 
an asymmetric waveform to the inner electrode resmts m me normal ion-focussmg 
, pehaviordescrfced^ ' 
generallysphencauyshap^ 

selectively transmitted ions cannot escape from the region around the terminus of the 
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inner electrode. This only occurs if the voltages applied to the inner electrode are the 
appropriate combination of CV and DV as described in the discussion above relating 
to 2-dimensional focussing. If the CV and DV are suitable for the focussing of an ion 
in the FAIMS analyzer region, and the physical geometry of the inner surface of the 

5 outer electrode does not disturb this balance, the ions will collect within a three- 
dimensional region of space near the terminus. Several contradictory forces are 
acting on the ions in this region near the terminus of the inner electrode. The force of 
the carrier gas flow tends to influence the ion cloud to travel towards the ion-outlet 
orifice, which advantageously also prevents the trapped ions from migrating in a 

10 reverse direction, back towards the ionization source. Additionally, the ions that get 
too close to the inner electrode are pushed back away from the inner electrode, and 
those near the outer electrode migrate back towards the inner electrode, due to the 
focusing action of the applied electric fields. When all forces acting upon the ions 
are balanced, the ions are effectively captured in every direction, either by forces of 

15 the flowing gas, or by the focussing effect of the electric fields of the FAMS 

mechanism. This is an example of a three-dimensional atmospheric pressure ion trap, 
as disclosed in a copending PCT application in the name of R. Guevremont and R. 
Purves, the contents of which are herein incorporated by reference, 

20 Ion focusing and ion trapping requires electric fields that are other than 

constant in space, normally occurring in a geometrical configuration of FAMS in 
which the electrodes are curved, and/or are not parallel to each other. For example, a 
non-constant in space electric field is created using electrodes that are cylinders or a 
part thereof; electrodes that are spheres or a part thereof; electrodes that are elliptical 

25 * spheres or a part thereof; and, electrodes that are conical or a part thereof. Optionally , 
various combinations of these electrode shapes are used. 

As discussed above, one previous limitation of the cylindrical FAMS 
technolo gy is that the identity of the peaks appearing in the CV spectra are not 
30 unambiguously confirmed due to the unpredictable changes in K* at high electric field 
strengths. Thus, one way to extend the capability of instruments based on the FAMS 
concept is to provide a way to determine the make-up of the CV spectra more 
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• • ~«*mm the FAIMS device into a mass 
5tAlv „ nc u as bv introducing ions from tne r/vuvj.u 

10 ns from the analyzer reg th^ improved efficiency of transporting 

for instance an inlet of a mass spectrometer. Ttusimprovea , 

. Q .^m P t P .r is ootionaUy maximized by using a 3- 

ions into the inlet of the mass spectrometer is option y 

Under near-trapping *• ions ft* to* tKetnnolafcd in the three 

^h^-ehtspe.eah^e^n^^^eto^ce.e 
^a^edfice^gin^eva^um^ofa^sspeehon,^. 

^a.esepara.ed^a.e.ofp.ede^^ope^gee*.^. 
di «e t eatienspede i havtog S i I nil»moha>t, prepert.es, Whe . 

tev tag similar mobility properties. The resohrhon of FAMS m J 
^PA.MohecaeeemecyUnc^ge-^FAMSh.meea^ 

Thia foeusing aeton means thai t» of a wider range of motahr, 
*— * IZll, foensed in me enelyzer region of the eyhndncrd 

the electrodes are increased, with parallel plate geom y 
maximum attainable resolution. 
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Note that, while the above discussion refers to the ions as being "captured" or 
"trapped", in fact, the ions are subject to continuous 'diffusion'. Diffusion always 
acts contrary to focussing and trapping. The ions always require an electrical, or gas 

5 flow force to reverse the process of diffusion. Thus, although die ions are focused 
into an imaginary cylindrical zone in space with almost zero thickness, or within a 3- 
dimensional ion trap, in reality it is well known that the ions are actually dispersed in 
the vicinity of this idealized zone in space because of diffusion. This is important, 
and should be recognized as a global feature superimposed upon all of the ion motions 

10 discussed in this disclosure. This means that, for example, a 3-dimensional ion trap 
actually has real spatial width, and ions continuously leak from the 3-dimensional ion 
trap, for several physical, and chemical reasons. Of course, the ions occupy a smaller 
physical region of space if the trapping potential well is deeper. 

15 The analysis of certain samples, for instance inorganic compounds containing 

metal atoms, requires an ionization source based upon a plasma torch to produce the 

- ions for analysis. Unfortunately, a prior art inductively couple plasma dCP) source 
also produces an abundance of ions resulting from ionization of the bam gas 
molecules or atoms. The plasma is not a selective ionization source, and significant 

20 background ion intensity relative to the trace ions of interest is typically produced. 
Further unfortunately, the plasma in some cases produces interfering ions having a 
same mass-to-charge ratio (m/z) as the ions of interest For example, ions of the 
structure argon oxide (ArO+) with m/z 56 are produced in an argon plasma, and are 
isobaric with the analyte ion of iron (Fe+) also with m/z 56. 

25 

It would be advantageous to provide a method and a system for reducing toe 
intensity of the background ions produced within a plasma source that are transmitted 
to a mass analyzer with the ions of interest It would be further advantageous to 
provide a method and a system to separate ions of interest from interfering ions 
30 having a same m/z ratio that are formed in the plasma source. 
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OB JECT OF THE INVENTION 

In order to overcome these and other limitations of the prior art, it is an object 
of the present invention to provide an apparatus for separating ions produced by an 
ICP and having a substantially same mass-to-charge ratio prior to providing the ions 
to a mass analyzer for detection. 

SUMMARY QT? THE INVENTION 

In accordance with the invention there is provided an analyzer comprising: an 
inductively coupled plasma/mass spectrometer comprising a plasma ionization source 
for producing ions and a mass analyzer within a low pressure region, charactenzed in 
that between the plasma ionization source and the mass analyzer is disposed a FAMS 
analyzer. 

In accordance with the invention there is provided a method for separating 
ions comprising the steps, of: 

producing ions within an inductively coupled plasma ionization source; 
providing an asymmetric waveform to an electrode for forming an electric field within 
the FAMS analyzer region to support selective transmission of ions wntnn the 
FAIMS analyzer region; 

transportmgmeionsthroughmeelectricfieldtoperformas^^ and, 
providing the ions after separation to a mass spectrometer for analysis. 

TTRTEF DESCR TPTTON OF TH F. DRAWINGS 

Figure 1 shows three possible examples of changes in ion mobility as a function of the 
strength of an electric field; 

Figure 2a illustrates me traj ectory of an ion between two parallel plate electrodes 
under me influence of me electrical potential V(t); 
Figure 2b shows an asymmetric waveform described by V(t); 
Figure 3 shows a simplified block diagram of an ICP/FAIMS/MS ^stem according to 
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a first embodiment of the invention; 

Figure 4 shows a simplified block diagram of an IOYFAMS/MS system according to 
a second embodiment of the invention; and, 

Figure 5 shows a simplified block diagram of an ICP/FAMS/MS system according'to 
a third embodiment of the invention. ' 

TWTATT KD D ESCRIPTION OF THE INVENTION 

Referring to Figure l, shown are three possible examples of the change in ion 
mobility properties with increasing electric field strength, as was discussed 
previously. The separation of ions in FAIMS is based upon a difference in these 
mobility properties for a first ion relative to a second ion. For instance, a first type A 
ion having a low field mobility K Wow is other than separated in a FAIMS device from 
a second type A ion having a second different low field mobilily K Vmf , if under the 
influence of high electric field strength, the ratio Ki,w gh /Ki,iow is equal to the ratio 
Kz,high/K 2 .iow. Interestingly, however, this same separation is achieved using 
conventional ion mobility spectrometry, which is based on a difference in ion 
mobilities at low applied electric field strength. 

Referring to Figure 2a, shown is a schematic diagram illustrating the 
mechanism of ion separation according to the FAIMS principle. An ion 1, for ' 
instance a positively charged type A ion, is carried by a gas stream 2 flowing between 
two spaced apart parallel plate electrodes 3 and 4. One of the plates 4 is maintained at 
ground potential, while the other plate 3 has an asymmetric waveform described by 
V(t), applied to it The peak voltage applied during the waveform is called the 
dispersion voltage (DV), as is shown in Figure 2b. Referring still to Figure 2b, the 
waveform is synthesized so that the electric fields during me two periods of time t^h 
and W are not equal. If Kj, and K are identical at high and low fields, the ion 1 is 
returned to its original position at the end of one cycle of the waveform. However, 
under conditions of sufficiently high electric fields. Kh is greater than K and the 
distances traveled during twgh and fa* are no longer identical. Within an analyzer 
region defined by a space 8 between the first and second spaced apart electrode plates, 
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p ^^**l~>-'-«** , ** ,4h,?, "T<* 

doivolUE.OVisappUedtopWea^teverseo.-canpen^ forth* 
offctdr*. Tta.the.0 ,. .... .^ MtotiMOI> ce 1 te B tk«.ofK.toK; 

J ^produces orCV *«->- 
assembly 23 in a known manner. For me sase ot ci j 

, , *• « a M ?c reduced compared to the voltage required at 

„„ ion mobility I* cornered m Kno, of BN. where E * 
M ^Ni^eoun^deosityofibeb.*^ T 

» DV of 300 volte wh» 8» gas prowe* reduced to 0.1 
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This relationship between field strength and gas number density well known for 
FAIMS apparatus with electrode geometries based upon one of two parallel plates and 
two concentric substantially overlapping cylinders. At higher E/N the frequency of 
the waveform may be increased in order to limit the distances of the ion trajectory 
during each cycle of the waveform, thus minimizing ion loss through collisions with 
the electrodes. , 

Soil referring to Figure 3, the applied DV is lower than the DV that is needed 
to operate FAIMS at substantially atmospheric pressure. The two FAIMS electrodes 
9 and 10 are curved electrodes in spaced apart stacked arrangement, such that an 
approximately unif orm spacing is maintained between the electrodes 9 and 10 along 
the FAIMS analyzer region 16. Advantageously, Ihe curvature alongthe electrode 
bodies 9 and 10 results in the formation of electric fields within analyzer region 16 
that are non-uniform in space by the application of the voltages by power supply 14. 
This non-uniform in space electric field is optionally produced by making the FAIMS 
electrodes substantially cylindrical or spherical in shape, however, many other shapes 
and combinations of shapes are used to achieve the same effect 

The ions that pass through an orifice 15 in the orifice plate 11 are carried to 
the FAIMS analyzer region 16 between electrodes 9 and 10 by a flow of a carrier gas 
originating from the gas passing into the low pressure region through the orifice 15. 
Those ions having the appropriate high field-strength mobility properties for 
transmission under the conditions of DV and CV are f ocussed in the analyzer region 

16 and selectively transmitted to a skimmer cone 17. The ions are transported 
through the analyzer region 16 by the carrier gas which flows toward a gap 18 
between the FAIMS analyzer region 16 and the skimmer cone 17. The skimmer cone 

17 is within a chamber 19 of an interface leading into the mass spectrometer 12, the 
chamber 19 is evacuated to low gas pressure in the vicinity of the gap 18 by a 
mechanical pump (not shown) connected to the chamber 19. A gas barrier 20 serves 
to ensure that the gas pressure in the vicmity of the gap 18 is slighfly lower than the 
pressure near the region 21 immediately behind orifice 15. Since the pressure in 
region 21 is higher man the pressure in the gap 18, the carrier gas flows along the 
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PA^anaij^regiooiBadimtoge^y^togaplS. Ofc^ofcer 
means for transporting the ions through the FAIMS analyzer region 16 are optionally 
provided, for instance an electric field. 

5 Still referring to Figure 3. the ionsthat are selectively transmitted through the 

FAIMS analyzer region 16 are transferred to the mass spectrometer through the 
ori fice22inskimmerconel7. The ions are directed toward the orifice 22 of 

IV.meelectncfield^^ 
10 the skimmer cone 17. 

Of course, the hot argon plasma of a conventional 1CP is not compatible with 
FAIMS, and the FAIMS is located within the first low pressure-chamber of the mass 
spectrometer as previously described with reference to the first embodiment of the 
15 -presentinventionshowninFigureS. Optionally, additional provisions for thermaUy 
isolating theFAMS analyzer from the ICP source are provided. Further optionally, a 
cooling system is provided to maintain the vicinily of theFAIMS analyzer at 
approximately ambient laboratory temperature. 

Referring to Fig™4, asimpl^ 
system according to a second embodiment of the invention is shown. Two FAIMS 
electrodes 41 and 42 defining a FAMS analyzer region 43 therebetween, are deposed 
on the low pressure side of an orifice plate 11, for example within a differentially 
• pumped region of an interface leading into a mass analyzer shown generally at 12. 

25 Theionsa^dnced*^^ 

^ ci altorchas S embly23inaknownmanner. For the sake of clarity and brevxty, the 

gas flow system, and the electrical and electronic components, for example power 

supplies, that are necessary to establish the plasma are not shown in Fxgure 3. 

StmreferrmgtoF^ 
compensation voltage is applied to electrode 42 by a power supply 14. Indus 
embodiment FAIMS is operating at a gas pressure lower than standard atmosphenc 
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pressure, such that the voltage necessary to effect a change in ion mobility 
characteristic of high electric field is reduced compared to the voltage required at 
approximately atmospheric pressure. For instance, the effect of electric field strength 
on ion mobility is considered in terms of E/N, where E is the electric field strength 

5 and N is the number density of the bath gas. For example, if a DV of 3000 volts is 
necessary to achieve a desired effect at atmospheric pressure, the same effect is 
obtained at DV of 300 volts when the gas pressure is reduced to 0.1 of an atmosphere. 
This relationship between field strength and gas number density well known for 
FAIMS apparatus with electrode geometries based upon one of two parallel plates and 

10 two concenlric substantially overlapping cylinders. At higher E/N the frequency of 
me waveform may be increased in order to limit the distances of the ion trajectory 
during each cycle of the waveform, thus mirumizing ion loss through collisions with 
the electrodes. 

15 Referring still to Figure 4, the electrodes 41 and 42 are provided as curved 

plates in a spaced apart stacked arrangement such that such that an approximately 
uniform spacing is maintained between the electrodes 41 and 42 along the FAIMS 
analyzer region 43. Advantageously, the curvature across the electrode bodies 41 and 
42 results in the formation of electric fields within analyzer region 43 that are non- 
20 uniform in space by the application of the voltages by power supply 14. This non- 
uniform in space electric field is optionally produced by making the FAIMS 
electrodes substantially cylindrical or spherical in shape, however, many other shapes 
and combinations of shapes are used to achieve the same effect The curvature of the 
plates is shown most clearly in an inset view at the top of Figure 4. In this inset view, 
25 the ions travel into and out of the plane of the drawing. 

Still referring to Figure 4, the ions that pass through an orifice 15 in the orifice 
plate 11 are carried to the FAIMS analyzer region 43 between electrodes 41 and 42 by 
a flow of a carrier gas originating from the gas passing into the low pressure region 
30 through the orifice 15. Those ions having the appropriate high field-strength mobility 
properties for transmission under the conditions of DV and CV are f ocussed in the 
analyzer region 16 and selectively transmitted to a skimmer cone 17. The ions are 
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lower tan the pressure near the region 21 immediate!, behind orifice 15. Stnce the 
p^in^aieblghe.^^pre^to'b.OT^^^^ 
along the FAIMS analyzer region in a direction generally towards tbe gap 
, ^ e ,„ U ,etn^fot M ^»»i<-•b-^ ?AMm * ZetKPO,,43 ■ 
are optionally provided, tor instance an electric field. 

FAIMS srtalyzer region 43 are transferred to tbe mass spectrometer 12 tbrou^l the 
5 . eHfeaMtaikkmnetcone'"- The ions are directed toward tbe orifice 22 of 

the skimmer cone 17. 

» Of course, FAIMS electrodes 41 and 42 are optionally provided with a shape 

o'ther than curved plates, for instance as flat parallel plate electrodes. However, » 
order to efficiently extract the selectively transmitted ions from a FAIMS analyzer 
regiondefinedby the space between flat plate electrodes, a third approximately 
equally spaced flat plate electrode is additionally required, as disclosed in a co- 

of wMch are herein incorporated by reference. 

Ofcouise.thehotargongas^of aconventior.allCPisnotc^patrble 
with FAIMS, and the FAIMS is located within the first low pressure-chamber of the 
30 massspectmmet^aspreviouslydescribedwimrefe^ 

ofmeprese.tmven ti onshowninFigure4. Optionally, additional provisions for 
- thermally isolating the FAIMS analyzer from the ICP source are provided. Further 
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optionally, a cooling system is provided to maintain the vicinity of the FAIMS 
analyzer at approximately ambient laboratory temperature. 

Referring to Figure 5, a simplified block diagram of an ICP/FAIMS/MS 
system according to a third embodiment of the invention is shown. Three FAIMS 
electrodes 51 and 52 defining a FAIMS analyzer region 43 therebetween, are disposed 
on the low pressure side of an orifice plate 11, for example within a differentially 
pumped region of an interface leading into a mass analyzer shown generally at 12. 
The ions are produced by an inductively couple plasma 13 which is supported in a 
special torch assembly 23 in a known manner. For (he sake of clarity and brevity, the 
gas flow system, and the electrical and electronic components, for example power 
supplies, that are necessary to establish the plasma are not shown in Figure 5. 

Still referring to Figure 5, an asymmetric waveform and a low voltage dc 
compensation voltage is applied to FAIMS middle electrode 52 by a power supply 14. 
In this embodiment FAIMS is operating at a gas pressure lower man standard 
atmospheric pressure, such mat the voltage necessary to effect a change in ion 
mobility characteristic of high electric field is reduced compared to the voltage 
required at approximately atmospheric pressure. For instance, the effect of electric 
field strength on ion mobility is considered in terms of E/N, where Bis the electric 
field strength and N is the number density of the bath gas. For example, if a DY of 
3000 volts is necessary to achieve a desired effect at atmospheric pressure, the same 
effect is obtained at DV of 300 volts when the gas pressure is reduced to 0.1 of an 
atmosphere. This' relationship between field strength and gas number density well 
known for FAIMS apparatus with electrode geometries based upon one of two 
parallel plates and two concentric substantially overlapping cylinders. At higher E/N 
the frequency of the waveform may be increased in order to limit the distances of the 
ion trajectory during each cycle of the waveform, thus mmimizing ion loss through 
collisions with the electrodes. 

Referring still to Figure 5, the electrodes 51, 52 and 53 are provided as curved 
plates in a spaced apart stacked arrangement such that such that an approximately 
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1L i^ornAp* 51 and 52 along the FAIMS 

used to achieve the same effect, ine tTlP io ns travel into and out of 

^ * „^Piaiire5 In this unset view, the ions travel raw 
an inset view at the top of Figure D. in 

the plane of the drawing- 

•„„ Ltween » FAIMS dM*. A and 52 is . — — - • 

regno 54 between met .,^ ofteld itottaesBbll* e dwilhta«n«l3™' 
, speee^Mdco.pared^ee,^^^^ 

tram ^^ m dyz e tppon54 and.seeonddm 11 



ion. 
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30 



n .nftheFAIMSanalyzerregions54and55between 
electrodes 51 and 52, and bew .^^.teiowpressnre region tongh the 

^^^r.T^T,^i JLd s^nonno,*. 
«»— -r* te, t^« — speo^ionswnlbefoc^ 
^toFAMS—yzettegtonSS. ^^nlwUeentheFAIMS 
^ta, 54 by to oente gas which flow. M-l « S»P »" between tn 
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analyzer region 54 and the skimmer cone 17. The skimmer cone 17 is within a 
chamber 19 of an interface leading into the mass spectrometer 12, the chamber 19 is 
evacuated to low gas pressure in the vicinity of the gap 18 by a mechanical pump (not 
shown) connected to the chamber 19. A gas barrier 44 serves to ensure that the gas 
pressure in the vicinity of the gap 18 is slightly lower than the pressure near the region 
21 immediately behind orifice 15. Since the pressure in region 21 is higher than the 
pressure in the gap 18, the carrier gas flows along the FAIMS analyzer region in a 
direction generally towards the gap 18. Optionally, the leading and trailing edges of 
at least curved electrode plate 52 are provided with curved edges for focusing the ions 
and for diverting the ions away from the electrode 52 such that the ions other than 
collide therewith,, thereby improving ion transmission efficiency. Of course, other 
means for transporting the ions through the FAIMS analyzer regions 54 and 55 are 
optionally provided, for instance an electric field. 

Still referring to Figure 5, the ions that are selectively-transntitted through the 
FAIMS analyzer region 54 are transferred to the mass spectrometer 12 through the 
orifice 22 in skimmer cone 17. The ions are directed toward the orifice 22 of 
skimmer cone 17 by an electric field formed between FAIMS and the skimmer cone 
17,toeelectricfieldproducedty . 
20 the skimmer cone 17. 

Of course, the hot argon plasma of a conventional ICP is not compatible with 
FAIMS, and the FAIMS is located within the first low pressure-chamber of the mass 
spectrometer as previously described with reference to me third embodiment of the 
25 present invention shown in Figure 5. Optionally, additional provisions for thermally 
isolating the FAIMS analyzer from the ICP source are provided. Further optionally, a 
cooling system is provided to maintain the vicinity of the FAIMS analyzer at 
approximately ambient laboratory temperature. 
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It will be obvious to one of skfll in the art that separating different ionic 
species having identical mass-to-charge ratios is other than possible using a prior art 
mass spectrometer absent FAIMS. Further, it wfll be obvious to one of skill in the art 
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• « uinntr Rimilar mass-to-charge ratios, for 

rt is a tunner ^ high. Additionally, a high 

operator and expensive pumpmg apparatus are also nigu 

operaior r from lower sensitivity compared to low 

..^-P-.a.^^^T.T'"^ 
^^ton efficiency ^ a ^u.- decree 

analvteionsarrivingatthemassspectrometerrelattve 

i. t^edetectorresponserelativetolhelevelofthenoeseisalso 
25 io^is.nKreased.thedetecto r^esp e(L optionally. toe 

increased, such that the sensitivity of the mstrumenr 

nf theFAIMS electrodes is selected to maximize ion transmission 
geometry of the FAiMo eieouu tpp/pAIMS/MS instrument 

is improved further. 

It is a further advantage of FAIMS that the capability of FAJMS *° J^*^* 
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is decreased. This is consistent with the requirements of the system described herein, 
where FAIMS is required to separate ions of typically low m/z values, for instance 
argon oxide (ArO+) with m/z 56 and the ion of iron <Fe+) also with m/z 56. The 
typically low mass-to-charge values of the ions of interest is also consistent with the 
operation of a very inexpensive, low resolution mass spectrometer. Advantageously, 
in addition to improving sensitivity for the detection of analyte ions and removing 
isobaric ions interfering with the analysis Ihe analyte ions, the ICP/FAIMS/MS 
system of the present invention is compact, inexpensive and simpler to operate 
compared to a prior art ICP/high-resolution mass spectrometer. 

Further advantageously, FAIMS separates the ions of interest from the 
abundance of background ions that are other than of interest formed in the plasma. 

Of course, numerous other embodiments could be envisioned, without 
15 departing significantly from the teachings of the present invention. 
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What is claimed is: 

the mass analyzer is disposed a FAMS analyzer. 

,• . .1.1™ 1 wherein the FAMS analyzer comprises two 
,0 2 An apparatus according to claim lwherem me rn» 

^ettorexi^tingioMlromtoFAMSan.lyzarregitm. 
15 3 An^s^^cUimZc^tisinesnorfflcepla^avingas^namn 

; 4.An W am MS accornn«mc to 3wl^mo W spa^ap^e i ccn^»re 
20 curved electrodes. , 

5 An apparatus according to claim 2 wherein theFAIMS analyzer comprises a ^ 
. ^^ d ^te»n^»»i-maon 8 nn»-yz«mg B .m. 
direction generally towards the first ton oodet. 

L^nftowm^ag^m^me^mnton^.--^ 
„ .east some of the toon generally towards the fim. ion outlet 

^d^ve.yu^rnngteionsg^ytowanismenrs.^oudet 
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8. An apparatus according to claim 7 comprising a voltage source for providing a 
signal to the electrode for providing an electric field for selectively transporting the 
ions generally towards the first ion outlet 

5 

9. A method for separating ions comprising the steps of: 
producing ions within an inductively coupled plasma ionization source; 

providing an asymmetric waveform to an electrode for forming an electric field within 
the FAMS analyzer region to support selective transmission of ions within the 
10 FAJMS analyzer region; 

transporting the ions through the electric field to perform a separation thereof; and, 
providing the ions after separation to a mass spectrometer for analysis. 

10. A method according to claim 9 comprising the step Of: providing a direct current 
15 compensation voltage to the electrode for supporting selective transmission of ions 

within the FAIMS analyzer region. 

11. A method according to claim 10 comprising the step of: 

providing the electrode of me FAIMS analyzer within a low pressure region for 
20 receiving ions produced within the ionization source and for selectively transporting 
at least some of the ions to a mass spectrometer. 

.12. A method according to claim 10 wherein the step of transporting includes the step 
of providing a flow of at least a gas through the analyzer region for directing at least 
25 some of the ions generally towards the first ion outlet 

13. A method according to claim 10 wherein the step of transporting includes the step 
of providing an electric filed for selectively transportmg me ions generaUy towards 
the first ion outlet 

30 
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